Determination of the molecular forms (speciation) in which an element exists becomes one of the basic requirements in many chemical investigations nowadays. This information is particularly crucial in studies related to environmental, toxicological and physiological investigations. Development of new speciation techniques is still a major research area and is certainly one of the most challenging tasks for analytical chemists. Most speciation schemes rely on using one or more separation steps, followed by element-specific detection. Speciation analysis refers to the determination of chemical forms of metals and metalloids, including metalloorganic compounds. 1, 2 It is known that organometallic derivatives of lead (IV) are much more toxic in relation to living organisms than their mineral analogues. [3] [4] [5] Because of that, the information about the total concentration of lead in analyzed samples is insufficient from the environmental point of view. The common methods applied for speciation of organometals are separation of the species by chromatography, followed by detection and determination of the element with a specific detector such as atomic absorption spectrometry or mass spectrometry.
It is known that organometallic derivatives of lead (IV) are much more toxic in relation to living organisms than their mineral analogues. [3] [4] [5] Because of that, the information about the total concentration of lead in analyzed samples is insufficient from the environmental point of view. The common methods applied for speciation of organometals are separation of the species by chromatography, followed by detection and determination of the element with a specific detector such as atomic absorption spectrometry or mass spectrometry. [6] [7] [8] These methods are rather expensive and time-consuming. Thus, there are no doubts, electroanalytical methods have much more to offer in terms of species-selective detection than spectroscopic methods. Potentiometry with ionselective electrodes is in principle particularly well suited to speciation studies because of its selective response to free ions in aqueous solutions. The selectivity of these electrodes is based on interface molecular recognition processes. These processes lead to electric charge separation at the interface of aqueous and organic phases. Quantitatively, charge separation between these two phases, generally, is determined by physico-chemical parameters of the ions such as lipophilicity, hydration degree or affinity to the ligand in the organic membrane. The last one is the most decisive for the selectivity of the majority of liquid membrane electrodes.
Undertaking the construction of an electrode for discrimination of ionic forms of the same metal with different chemical species existing in the aqueous solution, we take into account the affinity of the abovementioned ions for the organic phase as a major factor decisive for their discrimination. Their affinity to the applied ligands was assumed as the second factor in this particular investigation.
In the present paper we report results of an investigation on ion-selective electrodes for the discrimination of Pb 2+ and R 3 Pb + , where R is an alkyl substituent. Selected macrocyclic thiacrown ethers are applied as active ligands.
Experimental

Reagents
The chemical structures of the ionophores used in this study are shown in Fig.1. 1,4 ,7-Trithiacyclononane, 9S3 (1), was a gift from Prof. S. C. Cooper from the University of Oxford; 1,4,7,10-tetrathiacyclododecane, 12S4 (2); 1,5,9,13-tetrathiacyclohexadecane, 16S4 (3); 1,4,7,10,13,16-hexathiacyclooctadecane, 18S6 (4) and tetraethylthiuram disulfide (TETDS) were purchased from Aldrich Chemical. Dioctyl phthalate (DOP), 2-fluoro-2′-nitrodiphenyl ether (FNDPE) and potassium tetrakis(p-chlorophenyl)borate (KTpCPB) were purchased from Dojindo Laboratories, Kumamoto, Japan. Poly(vinyl chloride) (PVC; n=1100) was purchased from Wako, Osaka, Japan. Tetrahydrofuran (THF) was obtained from POCH (Gliwice, Poland). Trimethyl-and triethyllead(IV) chloride were purchased from Johnson Mattey Alfa Products (Germany).
All reagents were of analytical grade and were used without purification. Only THF was distilled from sodium just before use.
Deionized water (conductance < 0.1 µS) obtained with a Reversal Osmosis System KB-5522D (Cobrabid -AQUA, Warsaw, Poland) was used for all measurements.
Membrane and electrode preparation
Polymeric liquid membranes containing one of the ionophores (1) (2) (3) (4) (5) were prepared according to a procedure described by Umezawa. 9 The membrane contained 1% ionophore, 66% FNDPE , 33% PVC and 50 mol% lipophilic salt (KTpCPB) versus the ionophore. The ionophore-free membrane composition was exactly the same, with the exception of the ionophore. Next, ca. 2 ml of freshly distilled THF and 100 mg of PVC were added and the mixture was stirred until a homogenous solution was obtained. The resulting solution was placed into a glass ring of 30 mm diameter and left standing for 24 h to allow THF evaporation. The membrane thus prepared was cut into 10 mm diameter circles, which were mounted on an ionselective electrode body (Denki Kagaku Keiki Co., Tokyo, Japan). As an internal reference solution 10 -3 M PbCl 2 buffered with 10 -2 M acetate buffer (pH=4.0) was used. A double-junction Ag/AgCl reference electrode type containing 3 M KCl solution in the inner compartment and 0.1 M NaCl in the outer compartment was applied.
Potential measurements
Potential measurements were carried out at room temperature with a pH-meter (Tacussel, Radiometer Analytical S. A., France). The cell assembly was as follows:
Ag/AgCl3M KCl0.1 M NaClbuffered sample membrane 0.001 M PbCl 2 ; 0.01 M aceate buffer  Ag/AgCl
The membranes were conditioned in a 10 -4 M solution (pH=4.0) of the investigated compound during 24 h before measurements. Calibrating solutions of Pb 2+ , (CH 3 ) 3 Pb + , (C 2 H 5 ) 3 Pb + were prepared in acetate buffer (0.01 M; pH=4.0). These ions were determined also in natural samples obtained from maize roots and leaves. The method of preparation for analysis of this material is described below.
Preparation of maize cell sap
The plant material was frozen in liquid nitrogen, crushed and after addition of water homogenized in a porcelain mortar. The resulting suspension was centrifuged at 300g during 20 min. The supernatant was separated from the solid phase by decantation and concentrated under reduced pressure in a rotary evaporator to 100 ml. The rotary evaporator was equipped with a refrigerated trap. The content of the trap was analyzed for the content of Pb 2+ ions by atomic absorption spectroscopy. The obtained results show that the water in the trap was free of these ions.
Potentiometric determination of R 3 Pb + in maize cell sap
The solutions of cell sap obtained in the way described above were brought to pH=4.0 with 0.01 M acetate buffer. Next, appropriate amounts of a 0.005 M solution of (C 2 H 5 ) 3 Pb + were added to obtain a concentration in the range of 10 -6 -10 -4 M. The potential measurements were made according to the above description. Figure 2a represents the curves illustrating the relationship between the potentials measured with electrodes containing selected thiacrown ethers and a solvent electrode free of ionophore in relation to changes of the Pb 2+ concentration. These curves are different, depending on the applied ligand. Nevertheless, the slope of the curves obtained for a particular ionophore is somewhat closer to the Nernstian slope than for the electrode free of ligand. The investigated electrodes were characterized by responses close to a Nernstian response (29.6 mV/decade) in the concentration range 10 -6 -10 -4 M. This suggests that electrodes incorporated with thiacrown ethers are able to recognize Pb 2+ ions. They do not respond to ions of the type PbX + (X= Cl -, OH -, COO -), which exist in the sample solutions under the conditions selected for the presented measurements. 10 Among all electrodes, the one containing ligand 16S4 was the least sensitive to Pb 2+ . Figure 2b represents the potential response to (CH 3 ) 3 Pb + for electrodes with ligands and an electrode 152 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 free of ionophore. R 3 Pb + ions (R=-CH 3 , -C 2 H 5 ) exist in a one plus charge form: R 3 Pb(H 2 O) 2 + . 11 Therefore, the slopes of these curves are expected to be close to the Nernstian response of 59.2 mV/decade. Among the investigated electrodes the worst response was found for the electrode incorporated with ionophore 18S6. The other electrodes, including the ionophore-free one, give similar responses. Figure 2c represents calibration curves for (C 2 H 5 ) 3 Pb + for all investigated electrodes. In this case, the slope of the electrodes is closer to a Nernstian slope than it was for (CH 3 ) 3 Pb + ions. This is the result of the stronger lipophilic properities of the ethyl substituents than of methyl ones. As it was in the case of methyl derivatives, the electrode containing 18S6 was the least sensitive for (C 2 H 5 ) 3 Pb + ions. The results obtained for the electrode with 18S6 show that the size of the thiacrown ether ring could have some meaning. However, to be able to estimate more precisely the relation between the thiocrown ether structure and the selectivity towards R 3 Pb + ions further systematic investigations are needed.
Results and Discussion
The above presented results show that electrodes, either incorporated with thiaether ionophores or without ionophore, could be applied for discrimination of inorganic lead ions and trialkyllead ions. For a more precise estimation of the role of thiacrownethers as ionophores only the ligand 16S4 was selected, because of its lowest sensitivity for Pb 2+ . The selectivity coefficient value of this electrode determined by the matched potential method recommended by IUPAC 12 is log K Et3Pb/Pb =-1.99 (n=3). Whereas, for ionophore-free electrode log K Et3Pb/Pb =-1.86 (n=3). So, the presence of 16S4 slightly improves the discrimination of Pb 2+ and their alkyl substituents.
Figures 3A and 3B illustrates the potential changes of 16S4 based electrodes and ionophore-free one under the influence of (C 2 H 5 ) 3 Pb + ions and (C 2 H 5 ) 3 Apart from electrodes incorporated with thiacrown ethers, an electrode containing TETDS as a typical ionophore for Pb 2+ ions (Fig. 4) was also prepared. trode proposed by us. The electrode incorporated with16S4 was selected for determination of (C 2 H 5 ) 3 Pb + ions in the presence of Pb 2+ in the solutions of maize cell sap as an example of a natural sample.
The curves in Fig. 6 illustrate potential changes of an electrode based on 16S4 to (C 2 H 5 ) 3 Pb + concentration changes in roots and leave cell sap of maize. These curves show strong influence of the above mentioned matrix on the curves presented in Fig. 6 , particularly in the lower concentration range 10 -6 -10 -5 M. Above this concentration, their slopes are very close to the 154 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 is not able to distinguish Pb 2+ and R 3 Pb + ions. The above results describe the determination of ions in model systems, where the matrix is known and is not so complex. In analytical practice, we seldom deal with such ideal systems. Thus, we tested the influence of a natural plant matrix on the behavior of the elec- theoretical one.
The presented results indicate that the electrode proposed by us facilitates the determination of (C 2 H 5 ) 3 Pb + ions in the concentration range above 10 -5 M in the presence of Pb 2+ ions and a natural plant matrix.
Generally, in natural samples the concentration of (C 2 H 5 ) 3 Pb + ions is lower than 10 -5 M. For its determination, a concentration process is, therefore, necessary. It could be done under reduced pressure to decrease the necessary temperature. In these circumstances, decomposition of analyzed R 3 Pb + ions is of low probability.
Thus, the presented electrodes could be recommended as a relatively cheap and simple method for lead speciation in naturally occurring samples.
